"The Ling Six Sounds" are a range of speech sounds encompassing the speech frequencies that are widely used clinically to verify the effectiveness of hearing aid fitting in children. This study focused on the spectral features of the six sounds in Standard Chinese. We examined the frequency range of /m, u, a, i, ʂ, s/ as well as three consonants in syllables, i.e., /m(o)/, /ʂ(ʅ)/, and /s(ɿ)/. We presented the frequency distribution of these sounds. Based on this, we further proposed guidelines to improve "the Ling Six-Sound Test" regarding tones in Standard Chinese. We also suggested further studies in other dialects/languages spoken in China with regard to their phonological specifics.
Introduction
According to China National Sample Survey on Disability [1] , there are 27.8 million speech-disabled people in China, among which 137,000 are hearing-impaired children (0-6 years old); and each year, there are 23,000 deaf new-borns. This population mainly speaks Chinese (including 10 major dialect families), with a small group speaks minority languages, e.g., Uygur, Mongolian, and Tibetan. To assess the effectiveness of hearing aids fitting in such a large population, reliable hearing tests and standards are thus urgently called for.
"The Ling Six-Sound Test" (hereafter as LST) is a hearing test frequently used in clinical assessment of a child's ability to hear across the frequencies of spoken languages typically with hearing aids [2] . The test sounds include three cardinal vowels /u, a, i/, two sibilants /ʃ, s/, as well as the labial nasal /m/, which are supposed to represent the broad speech spectrum from 250-8000Hz [2] . Table 1 shows the frequencies of the six sounds (from low to high), among which vowels are shown with F1 and F2 values, while consonants with the range of center of gravity values. [1] .
Phoneme F1 (Hz) F2 (Hz) Center of gravity (Hz)
/m/ 250-500 /u/ 350 900 /a/ 700 1300 /i/ 300 2500 /ʃ/ 2000-4000 /s/ 3500-7000
As can be seen from Table 1 , the center of gravity values of /m/ correspond to the low-frequency band; /m/ is thus usually used to assess the hearing of the low-frequency sounds. On the opposite, /ʃ/ and /s/ mainly test the hearing of high-frequency sounds. The three vowels are mainly used to test the perception of the vowel space.
LST was originally developed for the North American population. Due to the differences in production and spectral content of consonants and vowels in other languages, the "six sounds" are sometimes adapted according to the local phonology, e.g., in Australian English, [3] proposed /ɔ/ instead of /u/ as the high back test vowel, as Australian English does not have the cardinal /u/, but a high mid vowel /ʉ/ instead.
The current study is focusing on the Standard Chinese (hereafter as SC) version of "the Ling Six Sounds". As there is no laminal sibilant /ʃ/ in SC but the postalveolar /ʂ/ instead [4] , the six sounds are therefore /m, u, a, i, ʂ, s/. The motivation of this study is three-fold. First, the postalveolar /ʂ/ in SC is different from /ʃ/. Second, the other five sounds in SC also show different phonetic realization and frequency range from those in American English (hereafter as AE) (e.g., [5] ). Third, SC is a tone language, which employs f0 changes to signal lexical meanings. The range of f0 changes are typically lower than the low frequency range of the six phonemes. The original LST thus cannot reliably test the frequencies of lexical tones. To improve the effectiveness of the hearing-aid tests for SC speaking children, it is therefore in great need to define the frequency range of "the Ling Six Sounds" for SC.
So far, most studies on the frequency range of these six sounds are based on data from a limited number of speakers (e.g., [5] [6] [7] [8] [9] [10] ). [11] used a relatively larger speaker pool, but obtained normalized "V-values" which can hardly be of practical application. [12] used data from 20 speakers of Beijing Mandarin. Although similar with SC, Beijing Mandarin is different in various ways and thus less representative of SC [13] . This study thus aims to fill the gap.
Methods

Participants
60 normal-hearing participants (30 male; 30 female) who speak SC were recruited for the experiment (Mean=22.5, SD=1.8). Their proficiency of SC and hearing ability were examined by professional audiologists (authors of this paper). All were qualified in these two aspects.
thus frequently used in real tests instead of the single consonants.
Recordings
All recordings were made in a sound-proofing recording booth at the Institute of Linguistics in the Chinese Academy of Social Sciences. Participants were instructed to close their mouths when producing /m/ and not to vibrate their vocal cords when producing /ʂ/ and /s/. They were also asked to produce all stimuli in normal speed and consistent volume. Voiced stimuli were produced with a high-level tone. Each stimulus was produced five times in random order. Except for the missing of syllables /mo, ʂʅ, sɿ/ from one male speaker, there were (6 sounds + 3 syllables) * 5 times * 60 participants -3 syllables * 5 times = 2685 sound files.
Data Extraction
All sounds were manually segmented in Praat [14] . We extracted values of F1, F2 and F3 of /a, i, u/ by averaging 10 equal-interval points along the formant curves. The spectral properties are well reflected in the first moment calculated by spectral normalization. The extracted information for /m, ʂ, s/ included the center of gravity (with standard deviation), either from isolated consonants or from consonants in syllables /mo, ʂʅ, sɿ/, respectively. Figure 1 illustrates the spectrum of /m/ vs. /m(o)/, /ʂ/ vs. /ʂ(ʅ)/, and /s/ vs. /s(ɿ)/, based on data produced by a male speaker and a female speaker. The x-axis stands for the frequency, the y-axis for the sound pressure level.
Results
Consonants: Center of gravity
a-1. /m/ a-2. /m(o)/ b-1. /ʂ/ b-2. /ʂ(ʅ)/ c-1. /s/ c-2. /s(ɿ)/
Figure 1: Representative spectra of /m/ (a), /ʂ/ (b), and /s/ (c). Left column for isolated consonants, right column for consonants in syllables. Light lines indicate females, dark lines for males.
In Figure 1 , the frequency peak (center of gravity) of three consonants generally increases from /m-m(o)/ to /ʂ-ʂ(ʅ)/, and further higher in /s-s(ɿ)/. In addition, the center of gravity values seem to be conditioned by context and gender. The following sections zoom into each consonant pair. 
/m/ vs. /m(o)/
gravity distribution of /s/ (a) vs. /s(ɿ)/ (b). Left box for female(F) in each graph, right for male (R).
First, by comparing the two graphs in each figure, we can see that, due to the influence of the following vowels, the consonants in syllables generally show slightly lower center of gravity than those produced in isolation. The ANOVA tests showed that the mean center of gravity of consonants in syllables /m(o)/ (229Hz), /ʂ(ʅ)/ (4493Hz), and /s(ɿ)/ (9200Hz) were significantly lower than that of /m/ (236Hz), /ʂ/ (5000Hz), and /s/ (9577Hz), respectively (/m(o)/-/m/: F(1,594) = 4.452, p<0.05; /ʂ(ʅ)/-/ʂ/: F(1,593) = 29.48, p<0.001; /s(ɿ)/-/s/: F(1,593)=19.734, p<0.001). The differences can be observed in both genders, as shown in Table 2 , the only exception was the /m(o)/-/m/ pairs of female speakers, which, however, was still marginally significant (p=0.052).
Second, as can be seen from the comparison between female vs. male data, the mean center of gravity of female data is significantly higher than that of the male data in all sounds. Table 3 lists the mean center of gravity values and ANOVA tests of all consonants, which confirms our observations from the figures. 
Vowels: Formants
Tables 4-6 list the mean F1-F3 of vowels /a/, /i/, and /u/. F stands for female, M for male, All for the grand mean.
In Tables 4-6 , the female data show clearly higher F1, F2 and F3 values than that of males in all vowels. Except in the F2 of /u/, the differences between two genders are significant in all the other cases, as shown in Table 7 . 
Summary
To establish the frequency standard of "the Ling Six Sounds" in SC, Table 8 summarizes the frequencies of the test phonemes in this study, including /m, u, a, i, ʂ, s/ produced in isolation, as well as /m, ʂ, s/ produced in syllables. 
Discussions
American English vs. Standard Chinese
By comparing Tables 1 vs. 8, we can see that the six sounds in AE and SC version show greatly different frequency distributions. Among them, the three vowels show less differences between the two versions, as can be seen from Figure 5 which plots the three vowel clusters in the two versions all together (in bark). The data of AE was obtained from [15] [16] . We can see from Figure 5 that, despite subtle deviations, e.g., F2 of /u/ and /F1/ of /a/, the three vowels in SC are basically in similar ranges with those in AE for both genders. This is comparable with the production data in [17] .
Figure 5: Clusters of /a, i, u/ in AE and SC, upper panel for female and lower panel for male
Comparatively, the consonants show larger differences between the two language versions. To be specific, /m/ in SC is slightly lower and shows narrower range than that in AE in terms of the center of gravity. The two sibilants /ʂ, s/, however, have much higher center of gravity values than /ʃ, s/ in AE, about 2000Hz higher for /ʂ/ (4000-6000Hz) and 5000Hz higher for /s/ (8000-10000Hz). Such a shift might be resulted from the phonological differences between the two languages. In SC, in addition to /ʂ, s/, there is a palatal fricative /ɕ/ whose frequency ranges in between /ʂ/ and /s/, relatively corresponding to /s/ in AE. The frequency range of /s/ in SC is thus generally raised to strengthen the perceptual differences among the three sibilants. To test the highfrequency range covered by /s/ in AE, we thus suggest adding /ɕ/ into the test sounds in SC.
In general, the frequency range that the SC version can test is about 200-12000Hz, which is broader than the AE version, i.e., 250-7000Hz. Consonants in syllables, i.e., /m(o)/, /ʂ(ʅ)/, /s(ɿ)/, realized with slightly lower center of gravity than those produced in isolation, still show broader frequency range than that in AE. /m(o)/, /ʂ(ʅ)/, /s(ɿ)/, therefore, can also be used as test sounds.
Lexical Tones and Suggestions on LST in SC
In a tonal language as SC, tones are employed and thus have heavy function loads in distinguishing lexical meanings [18] . However, lexical tones are not considered in the LST currently, among which the tonal range is decided by two tones, i.e., the Low-Dipping tone (Tone 3, as T3), and the High-Level tone (Tone 1, hereafter as T1).
Previous studies (e.g., [9, 19] ) show that the mean frequency range of four lexical tones in SC is 125-270Hz for female speakers, and 87-167Hz for male speakers. Among all tones, T3 usually lies at the bottom of the pitch range and shows the narrowest pitch range (87-122Hz for males and 125-203Hz for females); T1, however, usually lies at the upper end of a speaker's pitch range (about 270Hz for females and 167Hz for males). As the current SC version of LST has only considered frequencies above 200Hz, it only covers the higher part of the female lexical tones (e.g., T1). The lexical tones of males, however, are completely not covered.
We thus suggest to add the lexical tone tests in the SC version. T3-T1 minimal pairs could be used to test the contrast of tone height (T3 for Low; T1 for High). In the tone tests, we could ask younger children to point to ' . This might thus result in "the Ling Eight-Sound Test" instead of "Six-Sound", by either adding T3-T1 pairs in /i/ or /u/, or in other syllables. Given the space limitation of this paper, we will report the detailed experimental results in the future.
LST in Chinese Dialects
Despite the fact that SC has been the lingua franca in China, there are 10 major dialectal areas in China, each of which exhibits great variation in terms of the acoustic realization of the six sounds and lexical tones. Moreover, several other languages are spoken in China in addition to Chinese, such as Uygur, Mongolian, and Tibetan. These dialects/languages are phonologically different from SC to various extent.
For example, as illuminated from our 41-Chinese-dialect monosyllabic corpus, a quarter of the dialects have only one sibilant /s/ (e.g., Hokkien and Cantonese); others have /ɕ/ instead of /ʂ/ (e.g., Southwestern Mandarin family). Vowels sometimes show extra contrasts in different dialects, such as the nasal vs. non-nasal contrast in the Hokkien family, as well as glottal vs. un-glottal contrast in dialects with check tones (e.g., Wu Chinese). These phenomena not only call for further studies on the frequency distribution of sounds in different dialects/languages, but also raise the question as to what extent LST should cover necessary hearing abilities of different phonetic cues in spoken languages. Future studies are thus in great need to develop different versions of LST based on the linguistic features of each dialect/languages.
